One contribution of 17 to a theme issue 'Multiscale modelling at the physics-chemistry-biology interface'.
We report the synthesis of magnesium-aluminium layered double hydroxide (LDH) using a reactiondiffusion framework (RDF) that exploits the multiscale coupling of molecular diffusion with chemical reactions, nucleation and growth of crystals. In an RDF, the hydroxide anions are allowed to diffuse into an organic gel matrix containing the salt mixture needed for the precipitation of the LDH. The chemical structure and composition of the synthesized magnesium-aluminium LDHs are determined using powder X-ray diffraction (PXRD), thermo-gravimetric analysis, differential scanning calorimetry, solidstate nuclear magnetic resonance (SSNMR), Fourier transform infrared and energy dispersive X-ray spectroscopy. This novel technique also allows the investigation of the mechanism of intercalation of some fluorescent probes, such as the neutral threedimensional rhodamine B (RhB) and the negatively charged two-dimensional 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), using in situ steady-state fluorescence spectroscopy. The incorporation of these organic dyes inside the interlayer region of the LDH is confirmed via fluorescence microscopy, solid-state lifetime, SSNMR and PXRD. The activation energies of intercalation of the corresponding molecules (RhB and HPTS) are computed and exhibit dependence on the geometry of the involved probe (two or three
Introduction
Layered double hydroxides (LDHs), also called hydrotalcite-like compounds, have a wide range of applications in scientific and technological processes [1] . The structure of anionic LDHs is best understood starting from the brucite structure, Mg(OH) 2 , where the magnesium cations are octahedrally surrounded by OH − and share edges to form infinite sheets that stack on top of each other to form a three-dimensional structure, the brucite compounds. The random substitution of the divalent cations by trivalent ones, having a radius close to that of the divalent cations, leads to the generation of an excess in the positive charges in the brucite-like sheets [1, 2] . This results in the intercalation of anions in the interlayer region to restore the electroneutrality of the compound. In addition to the intercalation of anions, some neutral and large molecules, such as water, fluorescent probes and biomolecules, can also intercalate [3] [4] [5] [6] [7] . In general, the formula of anionic LDHs is [M(II) 1−x M(III) x (OH) 2 ] x+ (A n− x/n ) · mH 2 O, namely in this work MgAlA, where M(II) and M(III) are the divalent and trivalent metal cations, respectively. A n− is the interlayer anion and x is the cationic ratio given by x = M(III)/(M(III)+M(II)) and varying between 0.20 and 0.40 for pure LDHs [1, 2, 8] .
While reaction-quenching methods are used to examine solid-state reactions, scientists have not been able to provide any reliable mechanism to intercalate anions/probes in the layered compounds. O'Hare et al. and others studied the intercalation of a number of bicyclic and tricyclic carboxylates in a range of LDHs (CaAlNO 3 and LiAlCl LDHs) using in situ energy dispersive X-ray diffraction (EDXRD) [9] [10] [11] . Also, the intercalation of organic carboxylates and sulfonate groups in M(II)AlNO 3 LDHs (M(II) = Zn, Cu and Co) was monitored using in situ EDXRD [12] . The obtained data were fitted using a solid-state reaction model derived by Avrami and the corresponding intercalation activation energies were calculated [12] . Nonetheless, this method is restricted to slow intercalation reactions and is only applicable to a narrow class of crystalline LDHs, mainly LiAl and CaAl LDHs [12, 13] . Thus, for other types of LDHs (MgAl LDH, FeAl LDH, etc.), where the intercalation reactions are fast or where the LDHs present poor crystallinity, it is impossible to calculate the kinetic parameters [12] . Recently, large-scale simulations using molecular dynamics were performed to detect the intercalation dynamics of various ions and large molecules, mainly DNA and RNA [14] [15] [16] [17] .
In this paper, we report a new multiscale in situ technique coupled to a reaction-diffusion system to detect the intercalation of different fluorescent dyes (8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and rhodamine B (RhB)) during the formation of a range of MgAlA LDHs using in situ steady-state and time-resolved fluorescence spectroscopy [18] . This method consists of precipitating the LDH by self-assembly using a reaction-diffusion system where the hydroxide anions are diffused into an agar gel matrix containing the magnesium/aluminium cation mixture. The role of the gel is essential in this method because it hinders the kinetics of nucleation and growth processes; thus, it allows with ease the in situ analysis of the LDH's formation zone. The fluorescence spectroscopy data are used to compute the kinetic parameters of intercalation of many probes into the interlayer of any LDH synthesized by this method. By contrast, all the other methods that have been developed to synthesize the MgAlA LDHs, mainly the co-precipitation method, prevent the calculation of such parameters.
In our study, we aim to explain the intercalation mechanism of RhB and HPTS (figure 1) in a range of MgAlA LDHs. RhB and HPTS are xanthene derivatives emitting in the red (550-650 nm) and the green (480-530 nm) regions of the visible spectrum, respectively. RhB is a three-dimensional cationic probe in an acidic medium and a neutral one (electronic supplementary material, figure S1 ) in a basic solution [19] , while HPTS is a two-dimensional poly-anionic dye (electronic supplementary material, figure S2 ) having a pK a of approximately 7.3 [20] . The electronic absorption and emission spectra of these dyes, in addition to the lifetime values, are sensitive to their molecular environment [21] [22] [23] ; thus, they are used in this paper to examine their conformation and dynamics upon intercalation in the MgAlA LDHs [24] .
Experimental (a) Materials
Magnesium chloride, magnesium nitrate, aluminium chloride, aluminium nitrate, RhB, HPTS and sodium hydroxide pellets were provided by Sigma-Aldrich. LB Agar powder (Lennox L Agar) was supplied by Invitrogen. All the chemicals were used without any purification.
(b) Preparation method
We prepared stock solutions, using de-ionized water, of the salt mixtures (e.g. aluminium nitrate and magnesium nitrate) with the desired x value. Next, we added 1% w/w of agar gel weighed to the nearest 0.0001 g using an analytical balance. Then, we stirred and heated the agar-salts mixture until total dissolution of the gel, while ensuring that the temperature did not exceed 90°C. Then, we transferred the gel-salts mixture into a (200 × 20 mm) test tube. We left the mixture for 2 h to polymerize at room temperature. This step ended the preparation of our inner electrolyte. After gelation, 1 M sodium hydroxide (NaOH), serving as the outer electrolyte, was poured into the tube, provoking the initiation of the reaction-diffusion process (initialization step). Before proceeding with the extraction procedure, the tube was left for a few days to allow the formation of the MgAlA LDH (yellow precipitate) (figure 2a 
(c) Characterization of layered double hydroxides
The powder X-ray diffraction (PXRD) patterns were carried out with a Bruker D8 Advance XRD diffractometer equipped with Cu-Kα radiation (λ = 0.15406 nm) at 35 mA and 35 kV, at a scanning rate of 1°min −1 and a step size of 0.02 s. The analysis time was 8 h for all samples. Fourier transform infrared (FT-IR) spectra were recorded on a Thermo Nicolet 4700 FT-IR spectrometer equipped with a class 1 laser. The thermal decomposition behaviour of the LDHs was examined using thermo-gravimetric analysis (TGA) on a TG 209 F1 Iris (Netzsch, Germany), with a heating rate of 5°C min −1 and under a nitrogen atmosphere. The differential scanning calorimetry (DSC) measurements were conducted on a DSC 204 F1 Phoenix (Netzsch, Germany), with a heating rate of 10°C min −1 and under a nitrogen atmosphere. 13 C solid-state nuclear magnetic resonance (SSNMR) measurements were performed on a Bruker 400 MHz SSNMR AVANCE III spectrometer (Bruker Bio Spin, Rheinstetten, Germany). All the SSNMR spectra were performed under the same experimental and instrumental conditions. 13 C cross-polarization magic-angle spinning (CP MAS) NMR spectra were recorded at a resonance frequency of 100 MHz under 12 kHz spinning rate. The one-dimensional 27 Al SSNMR spectra were recorded at a resonance frequency of 104 MHz by collecting 1024 transients. The Al chemical shift was optimized using aluminium hydroxide as an external reference. Bruker Topspin 3.0 software was used for data collection and for spectral analysis of all SSNMR spectra. measurements were recorded on a Varian fluorescence spectrophotometer (Cary Eclipse) and in a 5 ml fluorescence cuvette containing the desired magnesium-aluminium salts mixture in agar gel with 100 nM of RhB or HPTS as the probe molecule. The emission and excitation spectra were performed in right-angle geometry by focusing the beam on the LDH propagating precipitation front to detect the probes' intercalation. The temperature was controlled by connecting an external thermostat to the sample holder. The solid-state time-resolved fluorescence measurements were performed on a Jobin-Yvon-Horiba Fluorolog III fluorometer operating at 900 V. All the intercalated LDH samples were excited with a 458 nm pulsed light. DAS v. 6 was used for decay fitting.
Results and discussion
The extracted yellow precipitates (MgAlA LDHs) were characterized using a range of spectroscopic techniques. PXRD, fluorescence microscopy and SSNMR ( 13 C and 27 Al) were applied to study the incorporation of different fluorescent probes (RhB and HPTS) between the brucite-like sheets of the MgAlA LDHs. Finally, the kinetics of intercalation of RhB and HPTS was examined for a range of MgAlA LDHs by means of in situ steady-state and time-resolved fluorescence spectroscopy.
(a) Chemical composition
The stoichiometry of the different MgAlA LDHs was determined from the TGA curves and the energy dispersive X-ray spectroscopy (EDX) data. The amount of intercalated water and that of carbonate anions were given by the TGA measurements (electronic supplementary material, figure S3 ); the cationic ratio x (x = Al/(Al + Mg)) and the quantity of intercalated anions were calculated from the atomic percentages given by the EDX data (electronic supplementary material, figure S4 ). Therefore, the empirical formulae for different MgAlA LDHs are given in table 1.
(b) Powder X-ray diffraction of the yellow precipitate PXRD is a useful technique for the characterization of LDHs and allows the identification of crystalline materials. LDHs possess a characteristic diffraction pattern with two main peaks at around 11°and 23°. Figure 2b (i,ii) shows the diffraction patterns of the yellow precipitates for x = 0.25 and x = 0.40. Two peaks are observed at 11.4°and 22.8°along with a small peak at 34.2°, which are indexed as the (003), (006) and (101) 
(c) Differential scanning calorimetry
The DSC plots of the extracted MgAlA LDHs show two main endothermic peaks. The first heat flow at around 85°C with a shoulder at 150°C corresponds to the loss of adsorbed and intercalated water, respectively (figure 2c(i,ii)). LDHs with x = 0.40 (figure 2c(ii)) show a small heat flow at 220°C which is due to the chemically bonded water to the brucite-like layers. The second heat flow, at higher temperatures, is due to the loss of the hydroxyl groups from the brucite-like sheets, in addition to the loss of interlayer anions. The heat flow at 300°C is attributed to the loss of interlayer carbonates (de-carbonation). The peak at 385°C is assigned to the Mg-OH dehydroxylation together with the loss of interlayer guest anions, while the shoulder at 340°C is due to the Al-OH de-hydroxylation. 
(d) Fourier transform infrared spectroscopy
The electronic supplementary material, figure S5a, shows the FT-IR spectra of MgAlA LDHs with different interlayer anions. The peak at 3450 cm −1 , present in all LDHs (electronic supplementary material, figure S5a(i,ii)), is attributed to the OH stretching vibration of the adsorbed and interlayer water. The shoulder at around 2950 cm −1 is assigned to the interlayer anions-water hydrogen bonding. The peak at 1630 cm −1 is assigned to the water bending vibration. The carbonate anions are present in a symmetric environment and characterized by a D 3 h planar symmetry; therefore, the peaks at around 1355 cm −1 , 870 cm −1 and 620 cm −1 are attributed to the antisymmetrical stretching mode ν 3 (E ), the out-of-plane bending mode ν 2 (A 2 ) and the bending angular mode ν 4 (E ), respectively, while the symmetric stretching mode ν 1 (A 1 ) is infrared inactive. In addition, the peaks are shifted to a lower wavenumber than the free carbonates, due to the interactions with the hydroxyl groups from the brucite-like layers and the interlayer water molecules. The peak at 1355 cm −1 (electronic supplementary material, figure S5a(ii)) is assigned to the ν 3 antisymmetric stretching vibration of the N-O bond because NO 3 − is planar and has a D 3 h symmetry. The LDHs with different cationic ratios (x = 0.25 and x = 0.40) present the same FT-IR spectra.
(e) 27 Al solid-state nuclear magnetic resonance 27 Al SSNMR spectroscopy can be used to determine the aluminium coordination for a given sample. The 27 Al isotropic chemical shifts are used to differentiate between the tetrahedral Al (tetra) and the octahedral Al (octa) coordination, where the range of Al (tetra) is 90-100 ppm and that of Al (octa) is 0-20 ppm [25, 26] . In this study, the 27 Furthermore, the solid-state fluorescence lifetime of RhB in all the extracted MgAlA LDHs exhibits a double exponential decay, indicating the coexistence of two different populations of RhB. The first population (approx. 30%), with a lifetime of 1.5 ns, corresponds to the RhB adsorbed on the LDH surface because the solid-state lifetime measurements that are performed on Al(OH) 3 and Mg(OH) 2 prepared in the presence of RhB and using the RDF method present one time component of 1.5 ns. The second population (approx. 70%), with a lifetime of 5 ns, is assigned to the intercalated RhB.
The increase in the RhB lifetime is due to the mobility restriction of the -N(C 2 H 5 ) 2 groups upon intercalation. Theoretical explanations of this phenomenon were given by Drexhage [28] , who studied the dependence of the lifetime of RhB on the amino group's flexibility. Thus, upon excitation and due to the ability of rotation along the C-N bond, this probe displays a distortion in its excited state to form a twisted intra-molecular charge transfer (TICT) state [29] [30] [31] . This internal rotation results in a non-radiative decay; consequently, fewer lifetime values are exhibited [32] .
Several spectroscopic techniques are also applied to examine the intercalation of RhB. The fluorescence image of the extracted MgAlA LDH (electronic supplementary material, figure S6) , prepared in the presence of RhB, shows a significant fluorescence of the LDH, demonstrating that the RhB probes are intercalated and/or adsorbed.
Moreover, SSNMR is used to probe the RhB molecules in different MgAlA LDHs. The 13 C SSNMR spectrum in the electronic supplementary material, figure S7, presents several aromatic peaks in the range between 100 and 130 ppm in addition to several aliphatic peaks ranging from 5 to 50 ppm, further suggesting that the RhB molecules are present (intercalated and/or adsorbed) in the MgAlA LDH.
Also, the PXRD diffractogram of the extracted MgAlA LDHs prepared in the presence of RhB (figure 3a(ii,iv)) shows a new peak at 2θ = 7.7°which corresponds to the shift of the (003) peak upon intercalation of RhB. Table 3 shows the computed lattice parameter c for different MgAlA LDHs intercalated with RhB. The expansion of the brucite-like layers from approximately 23.2 Å to 34.6 Å confirms that the RhB molecules are incorporated inside the interlayer region rather than adsorbed on the LDH surface. The most probable arrangement of the intercalated RhB, taking into account the RhB dimensions (electronic supplementary material, figure S1 ) and assuming that the brucite-like sheets (figure 3b) are not distorted upon intercalation, is shown in figure 3c .
In addition, the fluorescence intensity decreases in the first exponential decay upon formation of the MgAlA LDH. The excitation and emission maxima present a blue shift of 4 nm, compared with the RhB in the gel matrix, upon intercalation of RhB into the host LDH. The electronic supplementary material, figure S8, shows the fluorescence excitation and emission spectra of RhB during the precipitation of the MgAlCl LDH. This blue shift is due to the interactions between the RhB molecules and the positively charged brucite-like sheets of the MgAlA LDH. These interactions are further examined via 27 Al SSNMR, where the intercalated MgAlA LDH presents two peaks at δ = 18 ppm and δ = 73 ppm, while the non-intercalated one shows one peak at δ = 15 ppm (electronic supplementary material, figure S9 ). These different chemical environments around the aluminium elements are due to interactions between the RhB-LDH sheets.
The rate constants of RhB incorporation between the brucite-like sheets of the MgAlA LDHs, having different counter-anions and cationic ratios x, are computed by fitting the plots of the variation of the fluorescence signal measured at λ max (emission) = 574 nm versus time. Figure 3d ,e shows an example of the first exponential fluorescence decay for MgAlCl LDH with x = 0.25 and x = 0.40. Thus, using the Arrhenius equation (equation (3.1) ), the activation energies of RhB intercalation in a range of MgAlA LDHs are computed and summarized in table 4,
The electronic supplementary material, figure S10 , shows an example of the Arrhenius plots used to compute the activation energies of RhB intercalation in some MgAlA LDHs. The excitation and emission fluorescence spectra of HPTS in the presence of different salt mixtures in the agar gel phase are almost identical to the corresponding ones in water due to the lack of flexible alkyl substituents, as discussed for the RhB probes. Solid-state lifetime, fluorescence microscopy, PXRD and SSNMR are applied to confirm the presence and intercalation of the HPTS molecules in the synthesized LDHs. The fluorescence microscopic image (electronic supplementary material, figure S11) of the extracted MgAlA LDH after washing out the gel matrix demonstrates an acceptable fluorescence of HPTS, indicating its presence in the corresponding LDH. Furthermore, SSNMR is used to probe the presence of the HPTS dyes in the interlayer spacing of the MgAlA LDHs. The 13 C SSNMR spectrum in the electronic supplementary material, figure S12, shows several aromatic peaks in the range between 100 and 130 ppm in addition to several aliphatic peaks in the range between 5 and 50 ppm, which indicates that the HPTS molecules are intercalated and/or adsorbed between the brucite-like sheets of the MgAlA LDH. PXRD is also used to verify that the HPTS probes are intercalated inside the interlayer region rather than adsorbed. The PXRD patterns of the extracted LDHs prepared in the presence of HPTS show a shift of the (003) peak from approximately 11.3°in the absence of HPTS to 10.4°f or different MgAlA LDHs (figure 4a(ii,iv)). Table 5 shows the computed lattice parameter c for different MgAlA LDHs intercalated with HPTS. The most probable arrangement of the intercalated HPTS, taking into account the HPTS dimensions (electronic supplementary material, figure S2 ) and assuming that the LDH's sheets (figure 4b) are not distorted upon intercalation, is shown in figure 4c .
Similar to the RhB intercalation, the incorporation of HPTS between the brucite-like sheets of different MgAlA LDHs is studied using the same in situ method based on the steady-state fluorescence spectroscopy, where the de-protonated form of HPTS is present in the salts-agar mixture because the outer and inner are inverted (sodium hydroxide plays the role of the inner electrolyte, while the salt mixture acts as the outer electrolyte). The protonated and de-protonated excitation maxima of HPTS are seen at 405 nm and 461 nm, respectively.
Upon formation of the MgAlA LDH, the fluorescence intensity decreases in the first exponential decay. The excitation and emission maxima are 461 nm and 512 nm, respectively; moreover, the incorporation of the HPTS molecules into the host LDH results in a blue shift of these maxima compared with the HPTS in the gel matrix. The electronic supplementary material, figure S13, shows the fluorescence excitation and emission spectra of the HPTS dyes during the precipitation of the LDH. The negatively charged sulfonate groups in addition to the high electron-donating ability of the hydroxyl oxygen produce a significant electrostatic interaction with the positively charged brucite-like sheets, which explains the observed blue shift [20, 33] . The 27 Al SSNMR of the MgAlA LDH intercalated with HPTS reveals a peak at the δ = 72 ppm, in addition to the one present in the non-intercalated LDH (δ = 18 ppm), as shown in electronic supplementary material, figure S9 . This peak splitting indicates that the octahedral coordination, of some aluminium elements in the brucite-like sheets, is distorted due to the HPTS-LDH sheet interaction.
Moreover, the solid-state lifetime of the de-protonated HPTS intercalated in the LDH's interlayer region presents two time components of 2.0 ns (approx. 14%) and 8.2 ns (approx. 86%) which correspond to the adsorbed and intercalated HPTS, respectively. Solid-state lifetime measurements are also performed on Al(OH) 3 and Mg(OH) 2 prepared via a reaction-diffusion framework (RDF) and in the presence of HPTS where only one time component of 2.1 ns is obtained. Similarly, the rate constants of HPTS incorporation inside the interlayer region of the MgAlA LDHs with different counter-anions and cationic ratios x are calculated by fitting the plots of the variation of the fluorescence emission intensity, measured at λ em (max) = 512 nm versus time ( figure 4d,e) . The activation energies of the HPTS intercalation are calculated from the Arrhenius plots (electronic supplementary material, figure S14). Table 7 . Fluorescence intensities of RhB (λ em (max) = 574 nm) and HPTS (λ em (max) = 512 nm) prepared in the presence of different salts. 
(h) Proposed mechanism
The homo-resonance energy transfer (homo-RET) is a dipole-dipole interaction between the excited electronic state and the ground state of the same molecule. The homo-RET rate of energy transfer mainly depends on the distance between two consecutive molecules (approx. 4 nm), in addition to the extent of spectral overlap between the emission and absorption spectra of the corresponding dye [34, 35] . The homo-RET event typically occurs for fluorescent probes displaying small Stokes shift. RhB and depronated HPTS show a Stokes shift of 18 nm and 50 nm, respectively. Therefore, the possibility of the homo-transfer for RhB and HPTS is evaluated by examination of the corresponding absorption and emission spectra. The considerable spectral overlap between the absorption and the emission spectra of both RhB and HPTS (electronic supplementary material, figure S15a,b) indicates that the homo-transfer event can occur when high concentrations of probes are used.
On the other hand, none of the reactants present in the gel medium show a quenching effect on the fluorescence signal of RhB or HPTS, as shown in table 7. Furthermore, upon formation of the MgAlA LDHs, the fluorescent probes are incorporated between the layers, causing a local increase in their concentration [36] . Accordingly, the average distance between either the RhB or the HPTS probes decreases and the fluorescence signal is quenched via homo-RET.
The computed activation energies of RhB intercalation (table 4) present a difference of approximately 2.8 kJ mol −1 for the MgAlA LDHs with different x values, where Ea ≈ 38.8 kJ mol −1 and 41.6 kJ mol −1 for x = 0.25 and x = 0.40, respectively. In addition, the increase in the value of x contributes to a further excess in the positive charges on the brucite-like sheets which enhances the electrostatic interactions between these sheets and the interlayer anions/probes [37, 38] . Thus, the interlayer spacing is inversely proportional to the cationic ratio values. Therefore, the probes (RhB and HPTS) require more energy to intercalate as the basal spacing decreases, which explains the 2.8 kJ mol −1 difference between the activation energies for different x values. Nonetheless, a negligible or no difference in the activation energies is observed for MgAlA LDHs with different counter-anions (NO 3 − , Cl − ). Hence, the incorporation of RhB in the interlayer spacing of MgAlA LDHs shows independence of the interlayer anions and a dependence on the cationic ratio of the corresponding LDH. The same effect is observed for the intercalation of HPTS in different MgAlA LDHs where Ea ≈ 36.9 kJ mol −1 and 39.5 kJ mol −1 for x = 0.25 and x = 0.40, respectively. A difference of approximately 2.6 kJ mol −1 is observed between the intercalation of RhB and HPTS in the same MgAlA LDH. This disparity clearly shows a relation between the activation energy values of intercalation and the charge and geometry of the intercalated probe. RhB assumes a three-dimensional structure (electronic supplementary material, figure S1 ) and a neutral charge; on the other hand, HPTS assumes almost a two-dimensional structure with four negative charges. Consequently, HPTS can penetrate relatively more easily into the interlayer spacing of the LDH due to its two-dimensional geometry and the negative charges of both the sulfonate groups and the hydroxyl oxygen, which stabilize the excited state of the HPTS via hydrogen bonding [33] . Note that the de-protonated form of the HPTS probe generates a stronger hydrogen bonding due to the increase in the electron-donating ability of the hydroxyl oxygen [33] .
